In this paper, the mechanism of the unique surface originated fatigue failure of spherical roller bearings will be clarified. Also, how the tangential force generated by rolling friction between rolling elements and raceways severely affects bearing life. This paper also outlines a method of enhancing the life of spherical roller bearings based on an understanding of the mechanism of the surface originated fatigue. This method involves improving the rolling friction conditions between rolling elements and raceways.
INTRODUCTION
It is well know that in general subsurface originated flaking of rolling element bearings is usually associated with good lubrication conditions. However, in the case of spherical roller bearings a surface originated fatigue failure can sometimes occur when the bearing is operating under good lubricating conditions. Consequently, the bearing life of spherical roller bearings is relatively short compared to other bearing types. In this paper, we report on the newly discovered failure mechanism of spherical roller bearings and also propose a method of enhancing the life of spherical roller bearings based on the findings of our research.
FAILURE MECHANISUM OF SPHERICAL ROLLER BEARINGS
The spherical roller bearing shows a fatigue pattern that is different from other bearings under good lubrication conditions. Also, the inner ring tends to fail more frequently than the outer ring because the distribution of surface pressure is higher for the inner ring. Figure 1 shows the results of surface observations of the failure pattern for spherical roller bearings during bearing failure. At the initial stage of the fatigue process, the affected region exhibits micro plastic flow on the inner ring surface ( figure 1(a) ). The authors describe the characteristics of this region as regular ribbed markings. Following the appearance of the regular ribbed markings, a small fatigue crack initiate from the area ( figure 1(b) ), propagated and eventually flaking occurred ( figure 1(c) ). Therefore, in order to clarify the failure mechanism of spherical roller bearings, it is important to identify the cause of regular ribbed markings, which appears to be the first stage in the failure of the bearing.
To determine the conditions that lead to the formation of regular ribbed markings, various conditions were superimposed on the simple cyclic stress used to promote rolling contact fatigue. As a result, it was discovered that regular ribbed markings(figure 2) could be generated by introducing sliding and surface pressure between the rollers in a two-roller test machine. Furthermore, the regular ribbed markings were found only on the "follower side".
From the result of the two-rolling contact test, we assumed that the spherical roller bearings, which failed as a result of regular ribbed markings being generated, had experienced conditions of high surface pressure combined with high levels of sliding. Therefore, we calculated the distribution of surface pressure and slip speed, and compared the results with the position of the regular ribbed markings that were actually generated in spherical roller bearings. Figure 3 shows the relation between slip speed and surface pressure, between the inner rings and rollers, in the maximum load zone and the position of regular ribbed markings. We can also see regions where slip speed is negative, in which peripheral speed of the inner ring is slower than that of the roller, i.e. where the inner ring becomes the "follower side". As shown in Figure 3 , the region where the inner ring becomes the follower side corresponds to the position of regular ribbed markings.
Furthermore, slip speed at the vicinity of the roller end is positive, and the roller becomes the "follower side" as the inner ring becomes the "driver side". However, this region showed no regular ribbed markings on the rolling elements. For this reason, we believe that surface pressure is small in the vicinity of the roller ends where rolling elements become the "follower side".
It is well known that tangential force is determined by the slip speed and surface pressure as described above, together with the surface roughness 1) . We believe that the fatigue failure generated in spherical roller bearings is affected mostly by the tangential force of rolling friction generated between rolling elements and the raceways. The regular ribbed markings are a unique pattern observed only in spherical roller bearings, and are not usually observed in either cylindrical roller bearings or ball bearings. In the case of cylindrical roller bearings, we believe the reason for this is a low surface pressure and small slip. In the case of ball bearings, we believe that since the surface roughness of a ball is smaller than roller, the tangential force acting between the balls and raceways becomes small, thus preventing the generation of regular ribbed markings.
We confirmed that regular ribbed markings are generated when conditions of high surface pressure together with high slip, and surface roughness of the rolling element are met. September 12-16, 2005, Washington, D.C., USA 
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LONG-LIFE SPHERICAL ROLLER BEARINGS
As discussed in the previous sections, it is important to control the tangential force acting on the inner ring surface in order to achieve a long life for spherical roller bearing. In order to develop a long-life specification, sliding acting between raceway rings and rolling elements was reduced as a method of reducing tangential force.
In the vicinity of maximum loaded zone, the peripheral speed of the roller in the region where slip speed is negative in Figure 3 is faster than that of the inner ring. In other words, sliding is generated and causes failure since the inner ring becomes the follower side. Therefore, by reducing the difference of peripheral speed between the roller and inner ring as shown by the region where slip speed is negative in Figure 3 , sliding can be reduced and bearing life can be significantly enhanced.
In order to reduce the peripheral speed of the roller in the load zone, and to enhance bearing life, we modified the surface property of the outer ring raceway to increase the friction coefficient between the outer ring raceway and roller at the vicinity of the roller's largest diameter. Figure 4 illustrates the direction of force acting on the roller by the outer ring along the roller's largest diameter. The rotating speed of the roller becomes faster than the revolving speed along the roller's largest diameter in the load zone. Force from the outer ring working against the direction of rotating motion acts on the roller. Therefore, if a large friction coefficient exists between the outer ring raceway and roller, the force working against rotational motion increases and the rotating speed becomes slower. Similarly, the peripheral speed of the roller also becomes slower. Therefore, we believe that sliding can be reduced to prevent the failure that occurs in the load zone under conditions where the raceway becomes the follower side.
Hall effect measurements were taken to measure rotating speed in order to verify this phenomenon. Figure 5 shows measurements of roller peripheral speed using the Hall effect and the peripheral speed of the inner rings. Measurements showed that the long-life bearing (a large friction coefficient between the outer ring raceway and roller) moved at a similar speed of pure rolling where roller peripheral speed became slower than the conventional bearing in the loaded zone. In other words, it can be reasonably expected that bearing life is enhanced for the long-life bearing since sliding is reduced in the load zone when the inner ring becomes the follower side.
We conducted a fatigue test to verify that the actual life of the long-life bearing was enhanced compared to conventional bearings. Under all conditions of light load, heavy load, low speed, high speed, combined load, and excessive axial load, the long-life bearing showed longer life than the conventional bearing.
CONCLUSION
(1) Due to high surface pressure, excessive sliding and roughness of the rolling element, the tangential force acting between the raceways and a rolling element also becomes high and results in surface originated failure, which is unique to spherical roller bearings. (2) To reduce sliding in the inner ring where it is the follower side, the friction coefficient between the outer ring raceway and rollers was increased in the long-life bearing. 
